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I n t r o d u c t i o n  

'4 . 

Although t h e  Grant was awarded and d a t e d  a s  of March 1, 1965, 

i t  was not  a c t u a l l y  o f f i c i a l l y  r ece ived  by t h e  V i r g i n i a  P o l y t e c h n i c  

I n s t i t u t e  i Jn t€ l  JlJne 1, 1965. The u n i v e r s i t y  a d v i s o r y  group appo in ted  

t o  a d m i n i s t e r  t h e  p roposa l  meet immediately and s e l e c t e d  f i v e  r e s e a r c h  

p roposa l s  f o r  srrpport d u r i n g  t h e  year .  These were: 

L. E f f e c t  of Hydrogen Embri t t lement  on S t a t i c  and Dynamic 
F a t i g u e  of Hollow Specimens ( D .  H .  P l e t t a ,  E n g i n e e r i n g  
Mechanics Dept . , Pr inc ipa  1 I n v e s t i g a t o r )  

2 .  V i h r a t i o n s  of P l a t e s  and S h e l l s  Composed of E l a s t i c  and 
V i s c o e l a s t i c  M a t e r i a l s .  (D .  F r e d e r i c k ,  Eng inee r ing  
Mechanics Dept., P r i n c i p a l  I n v e s t i g a t o r )  

3. I n f r a r e d  Absorpt ion Due t o  I m p u r i t i e s  and R a d i a t i o n  Damage 
i n  Semicondiictors (Thomas Gi h e r ,  Phys ic s  Dept. ,  
P r i n c i  pa 1 I n v e s t i g a t o r )  

4 .  A S tudy  of Hypersonic Blunt Body Flows (R.  T .  Davis ,  
Eng inee r ing  Mechanics D e p t . ,  P r i n c i p a l  I n v e s t i g a t o r )  

5. S t r e s s  Ana lys i s  of S h e l l s  Under A c t u a l  Aerodynamic Loading 
(F. J .  Maher, Engineer ing Mechanics Dept., P r i n c i p a l  
i n v  e s t i  g a t  or ) 

By t h e  t i m e  t h e  g r a n t  was o f f i c i a l l y  r e c e i v e d ,  most of t h e  

g r a d u a t e  s t u d e n t s  admi t t ed  t o  gradua te  s c h o o l  d u r i n g  t h e  summer were 

connnitted t o  o t h e r  r e s e a r c h .  MoRt of t h e  s t a f f  whose p r o j e c t s  were 

accep ted  by t h e  a d v i s o r y  group had made p rev ious  p l a n s  f o r  t h e  summer. 

Accord ing ly ,  t h e  r e s u l t s  a t  t h i s  d a t e  a r e  meager, however, some work 

was done d u r i n g  t h e  summer and a l l  p r o j e c t s  w i l l  be i n  f u l l  o p e r a t i o n  

wi th  t h e  = t a r t  of t h e  f a l l  term of s c h o o l .  

P r o g r e s s  r e p o r t s  on t h r e e  of t h e  p r o j e c t s  are  a t t a c h e d  f o r  

r ev iew.  On t h e  o t h e r  p r o j e c t s ,  l i t e r a t u r e  su rveys  have been s t a r t e d ,  

and in c a s e s  where equipment needed t o  be purchased t h i s  h a s  been  

t a k e n  c a r e  nf  f o r  t h e  most p a r t .  
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Semi-Annual Promess Renort . Pro iec t  476 (NASA) 

"Infrarxd Absorption Due t o  Impu t i t i e s  

and Radiation Damace i n  Semiconductors" 

The i n i t i a l  work on t h i s  project has  cons i s t ed  of s t u d i e s  i n  

two of t h e  areas Riven i n  t h e  proposal: 

(1) The lithium-oxygen i n t e r a c t i o n  i n  s i l i c o n  has been 

f l i r ther  i n v e s t i c a t e d ,  extending t h e  work previously done a t  

t h i s  l abora to ry  

(?)*The s tudy of t h e  Is state s p l i t  i n  bismuth-doped s i l i c o n  

which was beRun before r ece ip t  of t h e  con t r ac t  has  been 

cont inued. 

Equipment has  been ordered and most items have been received and 

(1) 

i n s t a l l e d .  

photometer has been ordered, received and i n s t a l l e d .  

I n  p a r t i c u l a r ,  t h e  Perkin-Elmer Model 13 i n f r a r e d  spectro- 

I t  is now 

equipped with both sodium chlor ide and cesium bromide prisms, and 

thus has a range of 2 t o  35 microns. 

have been run on t h i s  spectrometer f o r  an i n i t i a l  i nd ica t ion  of t h e  

oxygen content i n  s i l i c o n  samples ordered for f u t u r e  s tud ie s .  

Preliminary absorption s p e c t r a  

In  t h e  s t u d i e s  of t h e  lithium-oxygen i n t e r a c t i o n  i n  silicon, 

t w o  absorpt ion s p e c t r a  a t  helium temperatures have been run on samples 

previously doped and subsequently aged. 

t w o  ear l ier  s p e c t r a  w e r e  ava i l ab le  f o r  comparison, and are shown i n  

Figures 1 and 2. 

fourteen days a f te r  doping. 

region (31-54 microns) corresponds t o  a sample age of 21 months. 

For  one of t h e  samples, SE-3-C, 

These e a r l i e r  absorpt ions w e r e  run a t  seven and 

The new spectrum (Figure 3)  i n  t h e  same 
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new spectrum has also been run fo r  a second sample having a h ighe r  

(3.5 m-3) oxygen concentrat ion than  SE-3-C. The d a t a  have 

not  y e t  been reduced; i n  t h i s  case t h r e e  ear l ier  s p e c t r a  am ava i l -  

ab le  f o r  comparison. . I n t e r p r e t a t i o n  of t h e  changes i n  t h e  absorp t ion  

s p e c t r a  w i l l  no t  be attempted u n t i l  more d a t a  is ava i lab le .  

In t h e  second a rea  r e fe r r ed  t o  above, t h a t  of t h e  s t u d i e s  of 

bismuth-doped s i l i c o n ,  t h e  prel iminary i n t e r p r e t a t i o n  of t h e  r e s u l t s  

can be given; more d iscuss ion  of t h e s e  s t u d i e s  is thus  reported.  

The' e f f e c t i v e  mass approximation p r e d i c t s  a s ix - fo ld  degenerate 

1s s t a t e ,  t h e  ground state,  f o r  Group V impur i t i e s  i n  s i l i c o n .  

Consideration of the  s i te  symmetry, Td, shows t h a t  va l ley-orb i t  

s p l i t t i n g  w i l l  g ive rise t o  s ing ly ,  doubly and. t r i p l y  degenerate l e v e l s ,  

t h e  ls(A1), l s ( E )  and ls(T1)  r e spec t ive ly  

t h e  ground state for Group V impuri t ies .  

dependent on effects i n  t h e  v i c i n i t y  of .the impuri ty  ion, and t h e  

h igher  l s ( E )  and ls(T1) l e v e l s  l i e  close t o  t h e  effective mass value 

of -29 x 10 meV for t h e  1s state energy. 

( 2 )  . The l s ( A 1 )  l e v e l  is 

The size of t h e  s p l i t t i n g  is 

-3 

( 3 )  Recent work has  given information about t h e  1s state s p l i t  

i n  antimony-, arsenic-, and phosphorus-doped s i l i c o n .  

cons i s t ed  of observat ion of t h e  excitation s p e c t r a  from l s ( E )  and 

ls(T1) l e v e l s  t o  h ighe r  l y ing  states; t h i s  r equ i r e s  temperatures  high 

enouqh t o  g ive  s u f f i c i e n t  population i n  t h e  l s ( E )  and ls(T1) states so 

t h a t  observable absorpt ion w i l l  occur. 

The experiments 

For t h e  case of t h e  bismuth 

impuri ty  i n  s i l i c o n ,  t h i s  approach is more d i f f i c u l t ,  s i n c e  t h e  1s 

s p l i t t i n g  is considerably larger than  fo r  t h e  above impurities. 
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The present  experiment gives evidence which may be i n t e r p r e t e d  

as absorpt ion due t o  t r a n s i t i o n s  f r o m  t h e  l s ( A 1 )  level d i r e c t l y  t o  

t h e  l s (Tl )  l e v e l  or l e v e l s ,  and perhaps t o  t h e  1S(E) leve l .  

t he  temperatures used., only the  ls(A1) l e v e l  should have significant 

population. 

A t  

The g r a t i n g  spectrometer was purged with dry  n i t rogen  gas 

both during and for two hours prior t o  t h e  t ransmission measurements 

i n  o rde r  t o  e l imina te  water vapor absorp t ions  from t h e  data.  

s p i t e  o f ’ t h i s ,  some water vapor absorpt ions are present  i n  ou r  data.  

The r e s u l t s  of t h i s  i nves t i za t ion  are shown i n  Figure 4. The d a t a  

are in t h e  form of absorpt ion spec t r a  in which t h e  absorpt ions are 

due only t o  t h e  impur i t i e s  introduced i n t o  t h e  s i l i c o n  latt ice during 

t h e  doping process.  

open t h e  p o s s i b i l i t y  t h a t  o the r  impur i t i e s  may be present .  

spectral slit width is ind ica ted  for t h e  reg ions  i n  which t h e  

absorpt ions occur. 

In  

While bismuth is t h e  des i red  dopant, w e  leave 

The 

In  Figure 4 we no te  in’both  curves prominent absorption peaks 

a t  316.5 cm’l and a t  273.5 cm”. 

symmetric c h a r a c t e r  of t h e s e  peaks is t h a t  water vapor remained i n  

t h e  system i n  s p i t e  of t h e  f ac t  t h a t  t h e  system w a s  purged with the 

dry n i t rogen  gas. 

absorp t ions  do occur a t  approximately 279 crn” and 322 mol. 

r a t h e r  weak peaks a t  342.5 m” and 348 cm’l are also i n  t h e  region Of 

The probable explanat ion of t h e  non- 

This is subs t an t i a t ed  by t h e  fact t h a t  water vapor 

The 

water vapor absorpt ions.  
-1 It is known t h a t  phosphorus has  absorptions at  316 cm and 

276 an-*, l ead ing  one t o  suspect t h a t  phosphorus may be p re sen t  i n  
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our  ~ a r n p l e s ' ~ ) .  

absorptions i n  t h e  range 32b t o  350 an-' and, since these  absorpt ions 

are not present  i n  our da ta ,  we conclude t h a t  no s i g n i f i c a n t  phos- 

phorus is present  i n  our samples. 

322 cm-' and at 294 c m  -' 
large absorption a t  316.5 cm i n  our  d a t a  is due t o  antimony. 

However, t h e  antimony absorption a t  294 cm" is almost twice as 

l a r g e  as t h e  one at 322 an". We may thus  rule out  antimony as 

having any s i m i f i c a n t  effect on our  data.  It should be noted, 

however, t h a t  a s l i g h t  amount of antimony i n  t h e  sample BL-1 would 

But phosphorus also has t h r e e  ra ther  intense 

Antimony has absorpt ions at 

This leads one t o  suspect  t h a t  t h e  
. 

-1 

account for t h e  weak absorption a t  234 an-' i n  t h e  curve for t h a t  

sample and a l s o  for some of the  asymmetry of t h e  peak a t  316.5 c m  . -1 

Arsenic has  no absorpt ions i n  t h e  range under considerat ion and would 

t h e r e f o r e  have no e f f e c t  on our r e s u l t s  . ( 5 )  

We are thus  l e d  t o  t h e  conclusion t h a t  t h e  observed absorpt ions 

must be due t o  t h e  bismuth i n  the  samples. 

bismuth i n  s i l icon have been inves t iga ted  by Hrostowski and Kaiser 

The exc i t ed  states of 
(6) 

and by comparing t h e i r  d a t a  with t h a t  obtained i n  t h i s  i nves t iga t ion ,  

we conclude t h a t  t h e  absorptions i n  Figure 1 represent  t r a n s i t i o n s  

from t h e  ground s ta te ,  I s (  A ) , t o  h igher  1s states. 1 

The quest ion i n  t h e  i n t e r p r e t a t i o n  is whether t h e  t w o  absorpt ions 

are due t o  ls(A) * Is(T1) and l s ( A )  * l s ( E )  t r a n s i t i o n s ,  or whether 

t h e  l s ( A )  * &(E) is i n  fact s t r i c t l y  forbidden, and t h e  ls(T1) 

s ta te  is s p l i t  by a spin-orbi t  interact ion( ' ) .  As shown i n  T a b l e  1, 

t h e  observed s p l i t t i n g  for bismuth i s  consistent with o t h e r  donor 



s p l i t t i n g s  also i n t e r p r e t e d  as l s ( A )  t o  l s ( E )  and ls(T1) t r a n s i t i o n s .  

Agganral(3) has  repor ted  observing t h e  1s state s p l i t  i n  

antimony-, arsenic-, and phosphorus-doped silicon, H i s  d a t a  are 

l i s t e d  i n  Table 1. While we are 

t h e  states l s ( E )  and ls(T1) from 

t h e  separa t ion  of t h e  two s t a t e s  

unable t o  determine t h e  order ing of 

our da ta ,  w e  a& able t o  show t h a t  

is 5.1 x low3 ev ,  which 

saine order of magnitude as t h e  o t h e r  values i n  Table 1. 

of t h e  ground state, l s (A  1, from t h e  lowest-lying upper 1 

is of t h e  

The sepa ra t ion  

1s level i n  

our  d a t a ' i s  34.1 x lom3 ev. 

listed i n  T a b l e  1 is t o  be expected because of t h e  l a r g e  donor 

ion iza t ion  energy of bismuth i n  s i l i con .  

That t h i s  is l a r g e r  than t h e  o t h e r  values  

Experiments have also been conducted for t h e  same samples used 

above i n  t h e  manner of Agqarwal, i .e. t h e  sample a t  l i q u i d  a i r  

temperatures and t r a n s i t i o n s  from the  h igher  1s states sought. 

In t h i s  case t h e  l s ( E )  t o  higher  levels O r a n s i t i c m  would not be for 

bidden. 

no  conclusions have been possible.  

i n  t h e  absorption curve is shown. 

- 
- 

The experiment, as already indica ted ,  is marginal, and as y e t  

It is doubt fu l  that any s t r u c t u r e  
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Table 1 

Energy Spacings of 1s Donor States i n  S i l i con  i n  meV 
(Includes values fram Ref. 2 )  

States 

ls(T1) - *  11e85 21.15 9.94 34.1 

ls(A1) 

h ( E )  - l e  35 le42 2e50 5.1 
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In ? q l y  Refer To; 
~c-a~3-17-004-006 

SEMi-AIWUAI, REPORT 

. . 

Effect of Hydrogen' Worittlement on Static and Dynamic Fatigue 
of Hollow Tensile Specimens 

Although this NASA grant was awarded to the V.P.I. Engineering Mechanics Depart- 

:..' I L L  ci'rough the Engineering Experiment Station on March 1, 1965, it was impossible 

t s t t : i ~  work in a formal way until June because of previous staff assignments. 

;~i'r~liminnry research was done on both the Budd fatigue machine and a Tinius-Olsen 

Universal testing machine in order to,measure the axiality of the longitudinal load 

vector versus movement of the testing machine head as the load is applied. Even with 

t i l c re  precision machines, there is, apparently, a certain amount of load eccentricity 

which can produce stress variations of -7% on the extreme fiber at the root of the 

notch for the specimens contemplated. 

Some 

+ 

These specimens are 0.5 inch diameter notched bars with standard threaded ends as 

shown in Xgu-e 1. 

3 / i6 ,  1/4, and 5/16 inch diameter holes were a l s o  used in these preliminary experiments 

A l l  of these preliminary tests were made on SAE 1020 steel. 

Companion specimens with axial concentric holes of 1/16, l/8, 

It w a s  sossible on the Budd machine to keep the lgad concentric by adjusting the 

ssherically seated head at one end . 
mans of SR-4 gauges cemented directly to the test specimens. 

All measurements for eccentricity were made by 



c . 
2 

\!or% i s  now underway t o  re run  these  pre l iminary  t e s t s  more p r e c i s e l y  and with 

the use of a s p e c i a l  extensometer which is being cons t ruc ted  so t h a t  t h e  e c c e n t r i c i t y  

of t h e  load  vec to r  may be measured continu?usly during t h e  tes t .  

rerun on t h e  Olsen and t h e  Budd machines f o r  t h e  s t a t i c  t e s t s  and on t h e  Budd machine. 

P 

This  work will be i 
k- 
r 

f o r  t h e  dynamic tests. 

? x . r s  :‘i-on a flat t e n s i l e  break f o r  t h e  s o l i d  bar t o  a completely d u c t i l e  shear  l i p  f o r  

til<: si)ccixeri w i t h  t h e  5/16 inch  diameter ho le .  

The cha rac t e r  of t h e  f r a c t u r e  su r face  changed f o r  t h e  notched . 

Specimens wi th  smal le r  s i zed  holes  had’ 

va ry i r i i  mounts  o f  d u c t i l e  shear  l i p  f r ac tu red  su r faces  with t h e  remaining being t h e  

f l l r L t  t e n s i l e  break. 

it a:.c occur et a l l .  

The shear  l i p  always occurred at t h e  edge of  t h e  i n s i d e  ho le  i f  . 

Figure 2 shows t h e  v a r i a t i o n  i n  t h e  percentage of  c ross -sec t ion-  

:.: ilrca x i t h  t h e  d u c t i l e  shear  l i p  f r a c t u r e  p l o t t e d  versus  t h e  geometric s c a l e  f a c t o r  

i m / ’ . * b , , w > ~ c r ~  srnaii r = the radius of t h e  hole and c a p i t a l  %= t h e  r a d i u s  of t h e  t e n s i l e  

spccir;.cn at t h e  roo t  of  t h e  notch. 

.* 

Quota t ions  a r e  now being ob ta ined . fo r  manufacture and hea t  t reatment  of  t h e  

z?rci:r,ens made of SAE 4340 ,steel. Meanwhile, a u x i l i a r y  trial specimens are Also *be- 

i n c  f a b r i c a t e d  l o c a l l y  i n  o rde r  t o  reduce t h e  e c c e n t r i c i t y  f a c t o r  to;as nearly ze ro  

as p o s s i b l e .  

A g radua te ’ s  assistant has  been appointed t o  work on t h i s  pro3ect  beginning i n  

Septenber .  

R e s p e c t m l y  submit ted,  

Associate  I n v e s t i g a t o r  

D. H. P l e t t a  J?~A>- :a \ - 
P r i n c i p a l  I n v e s t i g a t o r  
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A Study of Hypersonic Blunt  Body Flows 

The r e s e a r c h  on t h i s  c o n t r a c t  was begun on August 1, 1965. Two 

r e s e a r c h  a s s i s t a n t s  were s e l e c t e d  and have  begun work on t h e  p r o j e c t .  

A paper  t i t l e d  "Laminar Flow P a s t  a Sphere a t  High Mock Number" 

was completed and accep ted  f o r  p u b l i c a t i o n  by t h e  J o u r n a l  of F l u i d  

Mechanics. An e x t e n s i o n  of t h e  method used i n  t h i s  paper  i s  be ing  

c a r r i e d  out  a t  p r e s e n t  f o r  o t h e r  body shapes  and f o r  a compress ib l e  

f l u i d .  B a s i c a l l y  t h e  method c o n s i s t s  of s i m p l i f y i n g  t h e  Navier -  

S t o k e s  e q u a t i o n s  so t h a t  t h e y  a r e  n e a r l y  p a r a b o l i c  and t h e n  use  an 

i m p l i c i t  f i n i t e  d i f f e r e n c e  method f o r  t h e  s o l u t i o n  of t h e  s i m p l i f i e d  

e q u a t i o n s .  A copy of t h e  paper  is enc losed  f o r  t h o s e  who wish  more 

d e t a i l  on t h e  method. 

The compress ib l e  boundary-layer e q u a t i o n s  have  now been 

programed i n  f o r t r a n  i n  bo th  p h y s i c a l  and Levy-Lees v a r i a b l e s .  

programs a r e  a v a i l a b l e  t o  NASA upon r e q u e s t .  

These 

Another pape r  co-authored  by t h e  p r i n c i p a l  i n v e s t i g a t o r  which 

was n o t  suppor t ed  by t h i s  g r a n t  is enc losed  and may be of i n t e r e s t  t o  

t h o s e  i n t e r e s t e d  i n  approximate  boundary-layer methods. 

h a s  been submi t t ed  t o  ZAMP f o r  p u b l i c a t i o n .  

T h i s  paper  


